The Effect of Substructure on Mass Estimates of Galaxies by Yencho, Brian M. et al.
ar
X
iv
:a
str
o-
ph
/0
60
40
66
v1
  4
 A
pr
 2
00
6
Draft version August 26, 2017
Preprint typeset using LATEX style emulateapj v. 6/22/04
THE EFFECT OF SUBSTRUCTURE ON MASS ESTIMATES OF GALAXIES
Brian M. Yencho 1, Kathryn V. Johnston 1, James S. Bullock2 & Katherine L. Rhode1,3
Draft version August 26, 2017
ABSTRACT
Large galaxies are thought to form hierarchically, from the accretion and disruption of many smaller
galaxies. Such a scenario should naturally lead to galactic phase-space distributions containing some
degree of substructure. We examine the errors in mass estimates of galaxies and their dark halos
made using the projected phase-space distribution of a tracer population (such as a globular cluster
system or planetary nebulae) due to falsely assuming that the tracers are distributed randomly. The
level of this uncertainty is assessed by applying a standard mass estimator to samples drawn from 11
random realizations of galaxy halos containing levels of substructure consistent with current models
of structure formation. We find that substructure will distort our mass estimates by up to ∼20%
— a negligible error compared to statistical and measurement errors in current derivations of masses
for our own and other galaxies. However, this represents a fundamental limit to the accuracy of any
future mass estimates made under the assumption that the tracer population is distributed randomly,
regardless of the size of the sample or the accuracy of the measurements.
Subject headings: galaxies: fundamental parameters — galaxies: kinematics and dynamics — galaxies:
structure
1. INTRODUCTION
Measuring the masses of galaxies is fundamental to un-
derstanding their nature. By the mid 1970’s, observa-
tions (e.g. Rubin et al. 1980) clearly indicated that the
luminous matter in galaxies that we can directly de-
tect represents just a small fraction of the total mass
present. This discovery was consistent with theoreti-
cal work which showed that the stability of the Galac-
tic disk necessitated the presence of a previously unde-
tected “massive halo” (Ostriker & Peebles 1973), and be-
fore long, the now-standard picture of the luminous com-
ponents of galaxies embedded deep within much more
extended dark matter distributions was established.
Today, we have well-developed ideas about the forma-
tion and evolution of these extended dark matter halos
— the so-called ”hierarchical structure formation” sce-
nario where small structures in the Universe form first
and over time merge to form larger structures (Peebles
1965; Press & Schechter 1974; Blumenthal et al. 1984).
This picture successfully explains a wide range of ob-
servations on large scales (e.g. Eisenstein et al. 2005;
Maller et al. 2005; Tegmark et al. 2004; Spergel et al.
2003; Percival et al. 2002), but the evolution of lumi-
nous matter in galaxies within these structures is less
well understood. For example, in a recent analysis of 105
galaxies taken from the Sloan Digital Sky Survey, the
mass-to-light ratios of galaxies was found to vary sys-
tematically with their stellar mass (e.g. Kauffmann et al.
2003). Such trends represent important constraints on
the general relationship between dark matter halos and
the luminous galaxies that live within them.
The trends in dark matter content described above
were derived from the central properties of a large sam-
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ple of galaxies. An alternative approach is to use tracer
populations (such as globular clusters, planetary nebu-
lae or giant stars) to probe large distances from a cen-
tral galaxy, allowing much more accurate pictures of the
mass and extent of the surrounding dark matter halo
to emerge. This approach derives mass estimates from
the projected separation and line-of-sight velocities of the
tracer population.
A variety of such mass estimators have been developed
but only a few are commonly applied today. One of the
earliest is based on the virial theorem and modern forms
of it are known as the Virial Mass Estimator (Zwicky
1933; Limber & Mathews 1960). Its formulation relies
on independent averages of the kinetic and potential en-
ergies of the system, resulting in a mass estimate propor-
tional to 〈vlos
2〉/〈GR 〉, where vlos refers to the line-of-sight
velocity of an object, R is its projected distance from
the center of the system, G is the gravitational constant
and brackets indicate an average over an entire sample.
Other estimators, such as the Projected Mass Estimator,
involve averages over a quantity known as the “projected
mass”, defined as (v2losR)/G (Bahcall & Tremaine 1981;
Heisler, Tremaine, & Bahcall 1985). Both these tech-
niques give estimates for self-gravitating systems and are
generally applied to galaxy clusters and groups (Zwicky
1933, 1937; Smith 1936; Limber & Mathews 1960).
While these techniques have yielded estimates consis-
tent with the existence of dark matter within galaxies,
they can only be applied in cases where the number den-
sity of objects in the system is proportional to the under-
lying mass density. This assumption is not likely to be
true for tracer populations around galaxies such as glob-
ular clusters and planetary nebulae. Evans et al. (2003)
recently proposed a more general estimator that can be
applied to these systems, where the densities of the light
and mass follow different distributions: the Tracer Mass
Estimator (hereafter TME).
Irrespective of the application, all of these estimators
are derived assuming the samples that will be used are
2virialized and isotropic in spatial distribution and ve-
locity space (or at least described by simple analytic
functions). At first it may seem that these assumptions
should be valid for the case of spiral galaxies, since a basic
model of a spiral galaxy halo is a spherically symmetric
group of objects on random orbits. Similarly, ellipticals
may have some degree of flattening but these types of
anisotropies could conceivably be corrected for when us-
ing the TME. However, hierarchical structure formation
suggests that these pictures of galactic structure may not
be correct in detail. For example, observations of low ve-
locity dispersions of stars in the around elliptical galaxies
has recently been cited as evidence for lack of a dark mat-
ter halo (Romanowsky et al. 2003). Dekel et. al (2005)
show that such low dispersions arise naturally if ellip-
ticals are formed predominantly from the merger of two
spiral galaxies (consistent with the hierarchical scenario).
They found that the orbits of stars at the end of simula-
tions of the merger of two spiral galaxies tend to be highly
radial in the outskirts of the merger remnant. This radial
anisotropy leads to projected velocity dispersions much
lower than expected at large radii, even in the presence
of a substantial dark matter halo.
The hierarchical scenario also naturally leads to struc-
tures in the Universe forming inside out (i.e. with the in-
ner parts forming first, see — Helmi, White, & Springel
2003; Bullock & Johnston 2005), and in sequence in
scale, smallest to largest. It predicts that structures on
the scale of galaxy clusters are still forming today, and
hence that clusters are a poor place to assume virial equi-
librium, as mass estimators do. In contrast, the main
epoch of galaxy formation has passed, and the bulk of
galaxies should be virialized. However, when estimat-
ing the mass of a galaxy, it is of most interest to find
a tracer population that extends to large radii to probe
far out into the dark matter halo. It is precisely these
regions on galactic scales that are still forming: even
though the bulk of the galaxy may be virialized, incom-
plete mixing of debris from recent mergers (i.e. within
last few Gyr) could lead to significant substructure in
the phase-space distributions of the tracer population
(e.g. Johnston 1998; Helmi & White 1999; Bullock et al.
2001). Such substructure would violate the assumptions
of spatial and velocity isotropy.
Spatial substructure has been observed in the outskirts
of our own and other galaxies, lending strong support for
the hierarchical structure formation model. For example,
when Ibata et al. (1994, 1995) discovered the Sagittarius
dwarf galaxy it was clear that it is currently merging with
the Milky Way. While this work only hinted at “tidal dis-
tortions”, later work by various groups found associated
streams of debris extending all around the Galaxy (see
Majewski et al. 2003, for a summary). The tidal debris
of other satellites of the Galaxy have also been mapped
(e.g. the Carina dwarf spheroidal Majewski et al. 2000)
and similar features have been discovered in the halos of
other galaxies (e.g. M31 Ibata et al. 2001).
As noted above, samples with spatial overden-
sities or correlated motions would break the as-
sumption of a tracer population randomly dis-
tributed in phase-space. For example, as globu-
lar clusters and giant stars can be used to dis-
cover tidal features (Lynden-Bell & Lynden-Bell 1995;
Palma, Majewski, & Johnston 2002), it is clear that
they may not be distributed randomly, even in samples
where spatial substructure is not immediately obvious.
Wilkinson & Evans (1999) estimated quite how badly
these broken assumptions might affect mass estimates by
comparing the result of applying a mass estimator to a
truly random test data set with one in which all the data
lies along two streams. They concluded that there will
be a 20-50% error in the mass estimate in this particular
case, considering it an upper limit since the substructure
example they chose was so far from random. However,
this work did not look in general at the expected level of
substructure around galaxies today.
The goal of this paper is to assess the effect of sub-
structure on mass estimates for galaxies formed hier-
archically in a consistent cosmological context. Rather
than looking at specific, contrived examples of substruc-
ture (such asWilkinson & Evans 1999) we will draw sam-
ples from model stellar halos built entirely by accretion
(Bullock & Johnston 2005) and use the TME to provide
mass estimates for these halos. These samples were cho-
sen to be similar to true observations of the different
types of tracer populations, allowing us to assess the ac-
curacy and precision of estimates that have been made
and others that could be made in the future.
The TME and model datasets are discussed in greater
detail in §2, while the samples taken from these datasets
and the mass estimates provided from them are described
in §3. Our conclusions are summarized in §4.
2. METHODS
2.1. The Tracer Mass Estimator
To derive their estimator, Evans et al. (2003) assumed
that the tracer populations and underlying mass distri-
bution of a system can be approximated by certain stan-
dard forms. The tracer population itself, gathered be-
tween some spherical radii rin and rout, must have a num-
ber density that is spherically symmetric and described
by a single power law in this region:
ρ (r) = ρ0
(a
r
)γ
, rin . r . rout (1)
where ρ0 is the density at r = a or at all radii when
γ = 0. The underlying potential of the system is also
characterized by a general form:
Φ (r) =


v2
0
α
(
b
r
)α
if α 6= 0
−v20 log r if α = 0
(2)
where b is a constant with units of length and v0 is the
constant circular velocity of test particles when α = 0.
The form of the potential for α = 0 describes galax-
ies with flat rotation curves, for α = 1 the potential is
Keplerian, and α = γ − 2 describes a self-gravitating,
mass-follows-light system.
Assuming a tracer population, with density distribu-
tion given by equation (1) and moving with an isotropic
velocity distribution in a potential of the form given in
equation (2), Evans et al. (2003) determined how the av-
erage value of the projected mass 〈v2losR〉 relates to the
mass within the outermost radius
M(rout) =
C
G
〈v2losR〉 =
C
G
1
N
N∑
i=1
v2los,iRi (3)
3where N is the total number of objects in the sample and
C is defined as
C =


4(α+γ)
pi
4−α−γ
3−γ
1−(rin/rout)
3−γ
1−(rin/rout)
4−α−γ if γ 6= 3, α+ γ 6= 4
4(α+3)(1−α)
pi
log(rout/rin)
1−(rin/rout)1−α
if γ = 3
16
pi(3−γ)
1−(rin/rout)
3−γ
log(rout/rin)
if α+ γ = 4
(4)
These last two equations define the TME. Note that
while (1) and (2) assumed the existence of the unknown
constants ρ0, v0, a, and b in order to derive the above
equations, no knowledge of the true value of these con-
stants is necessary in order to use this estimator.
Evans et al. (2003) also derived the TME for systems
with anisotropic velocity distributions in which the ra-
tio of the radial to the tangential velocity dispersion is
allowed to vary. We consider only the isotropic version
since we expect the uncertainty due to substructure to be
similar with either form of the estimator. Substructure
represents a deviation from a random distribution that
cannot be described by simply introducing anisotropy to
the velocity distirbution.
2.2. Discussion of Parameters
The primary advantage of the TME is that it can be
adjusted for different populations, giving it the widest
possible application. This is apparent in the four differ-
ent parameters found in equation (4) for C: α, γ, rin,
and rout. Since C is the proportionality constant for the
mass estimated from a given set of observational data,
determining proper values for these parameters is vital
to retrieving accurate estimates.
The parameter γ is the power law fall-off of the den-
sity of the tracer population, and can be estimated di-
rectly from the tracer’s surface density distribution in
the region of interest (which should be chosen so that the
tracer population is well-represented by a single value of
γ). Tests deriving γ for different random samples drawn
from the same population found variations in the esti-
mates of order 12% for a sample size of N = 50, 3% for
N = 500 and <1% for N = 5000.
The radii rin and rout represent the inner and outer
spherical radii of the sample, and hence are unobservable.
However, since extended samples over a large range of
radii are of most interest, and the density of tracer pop-
ulations typically falls rapidly with radius (e.g. γ ∼ 3
for the Milky Way globular cluster system), the spheri-
cal radii should be reasonably approximated by the pro-
jected inner Rin and outer Rout radii of the sample.
The most uncertain parameter is α, which represents
the unknown shape of the underlying potential (in fact,
if the potential of the system were somehow known, then
using a mass estimator would be irrelevant). It is true
that the behavior of the potential only needs to be known
in the region probed by the tracer population, which
Evans et al. (2003) always intended to be the outer re-
gions of galaxies, where values of α ≈ 0 (corresponding
to a flat rotation curve) should be appropriate. (Indeed,
Wilkinson & Evans 1999, found that this approximation
is valid out to nearly 170 kpc in the Milky Way.) How-
ever, N -body simulations of structure formation suggest
that dark matter halos in general should have potentials
Fig. 1.— The values of α corresponding to different values of
r
rs
for NFW halos, where rs is the scale radius.
of the form
Φhalo(r) = −
GMhalo
rs
1
(r/rs)
ln
(
r
rs
+ 1
)
(5)
(Navarro, Frenk, & White 1996; Bullock et al. 2001),
where Mhalo and rs are the mass and length scale of the
halo respectively. Figure 1 shows what values of α are ex-
pected for various regions of an NFW potential. For very
large/small radii, the values of α tend toward +1/ − 1.
In practice, Klypin et al. (2002) estimate rs in the range
15-30 kpc in order to fit observations of the Milky Way
and Andromeda, so our interest lies in the middle region,
where r is on the order of 0.1-10 rs (i.e. few to hundreds
of kpc). No single value of α would seem appropriate
here and, in fact, in the region around r ∼ rs α = −0.3
rather than α = 0.
In summary, the values of rin, and rout are known with
some confidence because they can be estimated from the
tracer sample itself. The uncertainties in γ and α pro-
vide the main source of error in C (and consequently the
mass estimates). Figure 2 shows C as a function of α
for three different values of γ. The greatest range in C
occurs for the highest value of γ — tracers whose den-
sity falls much more rapidly than the underlying mass
distribution — where large adjustments (i.e. large val-
ues of C) to the raw mass estimates are necessary. For
an observed sample we might expect γ ∼ 3 (e.g., the
globular cluster system of the Milky Way) and α to vary
in the range −0.5-0.0 in the region of interest (as dis-
cussed above and illustrated in Figure 1). The range in
α leads to an uncertainty in C (and the mass estimate)
of order 10-20%. For small sample sizes (N < 50), we
showed that we will be unsure of our estimate of γ at
the 12% level, which adds another ∼ 10% uncertainty to
C. For larger samples, γ will be better known and this
contribution to the error budget will become negligible.
2.3. Model data
2.3.1. Description
Our mock tracer population samples are drawn
from the eleven stellar halo models simulated by
Bullock & Johnston (2005) (hereafter referred to as Ha-
los 1-11). These models were created within the context
of a standard Λ Cold Dark Matter universe, and hence
are expected to contain a degree of substructure rep-
resentative of true galactic halos. Bullock & Johnston
4Fig. 2.— C as a function of α with rin/rout = 20 for three
different values of γ
(2005) began with a Milky Way potential consisting of
three components: a halo, a disk, and a bulge. Each of
these components grows over time according to analytic
formulae. More than a hundred N-body simulations of
dwarf galaxies disrupting within these potentials are run
for each halo, with the unbound particles contributing to
the growth of the halo. The eleven models result from
eleven different randomly-realized accretion histories. It
is these histories that dictate the growth of the parent
galaxy and the accretion time and mass of each satellite.
Note that the stellar halo is represented in these models
by assigning a variable mass-to-light ratio to each dark
matter particle in the simulations. These mass-to-light
ratios are chosen so that the luminous matter in the in-
falling dwarfs initially follows a King model embedded
deep within a dark matter halo in the shape of an NFW
profile. The samples described in §3.1 are drawn at ran-
dom from the full set of particles, weighted inversely by
their mass-to-light ratios.
Bullock & Johnston (2005) confirmed the consistency
of their models with the size and density profile of the
Milky Way’s stellar halo and the number and distribu-
tion in structural parameters of the Milky Way’s satel-
lite population. None of the resulting halos are perfectly
smooth; they all contain some amount of substructure,
which varies due to the different accretion histories. In
addition, each halo is somewhat flattened in response to
the disk component of the parent galaxy potential.
2.3.2. Isolating effects of substructure
Although we are specifically interested in the effects of
substructure, our models suffer from additional limita-
tions that compromise the accuracy of the TME. First,
the flattening described in §2.3.1 is a large scale devia-
tion from isotropy that will clearly affect mass estimates:
if the datasets are viewed “face-on” (i = 0◦) with respect
to this flattening the velocity dispersion (and hence mass
estimates) will be smaller than if they were viewed “edge-
on” (i = 90◦). Second, because the models are created
by superposing individual simulations of satellite accre-
tion rather than running a single, fully self-consistent
simulation, we cannot expect them to be virialized.
The incorrect assumptions of spherical symmetry and
virialization mean that we cannot expect the TME to
recover the true mass of the underlying parent potential
Fig. 3.— The observable properties and projected positions
of a 5000 particle sample taken from Halo 5 with an inclination of
90◦. The top row shows an azimuthal angle of 0◦ while the bottom
shows 90◦. Differences in the location of substructure in the vlos
vs R panels suggest differences in mass estimates made using this
data set.
in our simulated data sets, even if substructure were not
present. Hence, rather than comparing to the true mass,
we isolate the effects of substructure on our estimates
for a given halo model by looking at how they vary along
different lines of sight (i.e. azimuthal angle) all chosen at
a fixed inclination to the plane of the parent galaxy disk.
In a system with overdensities and streams, the corre-
lated features would appear to move around the system
(in R and vlos) when different angles are probed, as il-
lustrated in Figure 3, which will show up directly as a
varying mass estimate.
3. RESULTS
3.1. Simulated samples
Samples are drawn from the test data set in two dif-
ferent ways to simulate: (i) an extra-galactic globular
cluster survey (i.e. that might be conducted today;
Evans et al. 2003); and (ii) a large data set of giant
stars (that might be collected in the future around Local
Group galaxies).
3.1.1. Simulating globular cluster surveys
For this example, we assume that globular cluster
systems are formed primarily through the accretion of
satellite galaxies and their associated globulars. This
type of chaotic formation scenario has been proposed by
Searle & Zinn (1978), who suggested that globular clus-
ters in the Galaxy’s outer halo originated in infalling pro-
togalactic fragments. Indeed, observations indicate that
at least some of the Milky Way globulars were likely to
have been accreted from smaller galaxies, since the Sagit-
tarius dwarf is apparently contributing four globulars
to the overall Galactic system (Ibata et al. 1994). Fur-
thermore, the properties of the globular clusters in the
Galaxy’s outer halo — such as their horizontal branch
morphologies, kinematics, and overall spatial distribu-
tion — seem to suggest that they were formed in satel-
lite systems that were accreted (Zinn 1993). On the
other hand, a number of other scenarios have been pro-
posed for how globular cluster systems form (e.g., Forbes,
Brodie, & Grillmair 1997, Coˆte´, Marzke, & West 1998).
For example, Ashman & Zepf (1992) theorized that a sig-
nificant fraction of a galaxy’s globular clusters could be
5formed from dissipating gas during galaxy-galaxy merg-
ers, and observations of nearby merger events indicate
that massive star clusters do form in this way (Whitmore
2000). Therefore the results in this section are likely to
represent an upper limit on the effect of substructure on
mass estimates using globular clusters as the tracer pop-
ulation.
Selecting particles to represent globulars
In order to select a realistic sample of N globular clus-
ters from our models an initial cutoff is made such that all
satellite galaxies with total luminosities less than 107L⊙
are removed from consideration, as it would be very
unlikely that they would contain any globular clusters,
which themselves may have luminosities from 104L⊙ to
∼ 106L⊙. For the remaining satellites we have made
the simplifying assumption that the number of globu-
lar clusters is proportional to the satellite’s luminosity
— i.e., the specific frequency of globulars is constant.
In fact, the relationship between the properties of dwarf
galaxies and the number of globular clusters they host is
not well-determined, and (for example) the Local Group
dwarf galaxies exhibit a wide range of properties in terms
of the relative number and metallicity range of their glob-
ulars (Grebel 2002).
Next, given a line-of-sight to ”view” the model and the
range of projected separations of the globulars from the
parent (see below) all particles from satellites above our
threshold luminosity value within the specified range of
separations are selected and saved. Each satellite is then
assigned a sample size, which is a fraction of the desired
sizeN , in accordance with our specific frequency assump-
tion. These samples are gathered from the individual
satellites by designating particles at random (weighted
by the luminosity associated with each particle — see
§2.3.1) to be globular clusters. Combining these gives
the final sample.
To illustrate the results of the selection process, Fig-
ure 4 shows how the luminosity, and thus the globulars,
will be distributed among all eligible satellites in the
5 < R < 100 kpc regions of two different halos chosen to
be at the extremes of the distribution of properties for
all eleven halos. In these examples, Halo 1 has 16 satel-
lites accreted ∼ 8-10 Gyr ago contributing to this region
with the most luminous satellite containing about 16%
of the globulars. In contrast, Halo 9 would have only 3
contributing satellites, 2 of which were accreted 4-5 Gyr
ago, with the most luminous containing nearly 75% of
the globulars.
Given the extremes apparent in Figure 4, Figure 5 sum-
marizes the general properties of infalling satellites for
all halos by showing the distributions for the number of
eligible satellites and largest fractional luminosity con-
tributed to a halo by any single satellite. The variety of
properties for the infalling satellite population evident in
Figures 4 and 5 is due to the different accretion histories
of each halo model. Overall, we expect the level of sub-
structure in a halo (and hence a globular cluster system)
to depend on how many satellites contribute significantly
to the halo’s mass, how massive the largest contributer
is, and how far back the most recent merger took place
(see Bullock & Johnston 2005, for a discussion). These
figures suggest that the TME may perform differently for
the different models.
Fig. 4.— The fraction of globulars assigned to the eligible
satellites (i.e. satellites with luminosities greater than 107L⊙) for
two different halos, plotted as a function of the satellite’s accretion
time.
Fig. 5.— The distribution of the number of satellites used (upper
panel), and the largest fraction of globulars contributed by any one
satellite (lower panel) for all eleven halo models.
Number and extent of globular cluster samples in spiral
and elliptical galaxies
The range of radii around the parent galaxy over which
the sample will be taken and the number of globulars that
you would expect to be found in this range depends on
the morphological type of the parent.
Nearly half of the Milky Way’s ∼ 180 globulars lie
within 5 kpc, while the most distant is located at around
100 kpc (Ashman & Zepf 1998). In other spiral galax-
ies, most are located within around 20 kpc from the cen-
ters of the host galaxies (Rhode, private communication).
Given these ranges, the systems in spirals are represented
in our datasets by samples of 50 globulars taken from 5
kpc to 50 kpc.
Elliptical galaxies typically have more populous glob-
ular cluster systems than spiral galaxies. Some giant
ellipticals have globular cluster systems with thousands
of clusters, extending well beyond the light of the galaxy
(e.g., Ashman & Zepf 1998, Rhode & Zepf 2001, 2004).
For our simulations, we chose 500 particles over the ra-
dial range of 5 to 100 kpc. It should be noted here that
the halo models are specifically for spiral galaxies, not
ellipticals; ellipticals are likely to have undergone much
more violent, recent mergers which could effectively mix
any phase-space substructure resulting from minor merg-
ers. Thus, applying the results of this study to ellipticals
6will give us an upper limit to the size of the error in the
mass estimates as it will overestimate the level of sub-
structure existing in these galaxies. This example also
serves to give us an indication of how the uncertainty in
the mass estimates due to substructure is related to the
sample size of a tracer population.
3.1.2. Simulating giant star surveys
Using systems of giant stars in extragalactic halos of-
fers an alternative to using globular clusters. Such stars
can be selected photometrically with some confidence
(Majewski, Ostheimer, Kunkel, & Patterson 2000). Al-
though the number of spectra are currently limited to a
few hundred stars in fields probing a small fraction of the
halos of Local Group galaxies, it is feasible for such sam-
ples to be increased dramatically in both size and area
coverage in the near future.
In this case, there is no luminosity cutoff that needs to
be made and no assumptions concerning the frequency
with which these objects would be found in the satellite
galaxies. The particles are chosen from a range of 5 kpc
to 100 kpc, which allows the resulting estimates to be
compared to those from the samples described above. A
number of 5000 is chosen as the sample size. While this
is significantly larger than sample sizes of surveys con-
ducted today, it is also much less than the total number
of giant stars that exist in the halos of spiral galaxies.
3.2. Mass estimates
3.2.1. Uncertainties due to substructure
Each panel of Figure 6 shows the results of applying the
TME to samples drawn from Halo 1 at fixed inclination
(indicated in the panel) and as a function of azimuthal
angle. (In this, and all subsequent figures, MTrue is the
known total mass in the simulation — galaxy plus dark
matter halo — enclosed within the outermost projected
radius of the data sample.) A value of α = 0 was as-
sumed for every sample, while γ was calculated from the
surface density of the data. Each point represents the
mean value of 100 different samples at the given inclina-
tion and azimuthal angle, while the error bars give one
standard deviation. As discussed in §2.3.2 we do not ex-
pect the average estimate to give a correct value even in
the absence of substructure: the datasets are not virial-
ized or spherically symmetric and α is unknown. Rather,
we interpret the scatter in the mean values in each panel
as a measure of the effect of substructure.
The top row of panels in Figure 6 shows the mass esti-
mates for our simulated globular cluster survey of a spiral
(the most relevant sample to current observations). The
scatter in the mean lies well within the error bars for all
points in this row (i.e. across both azimuthal and incli-
nation angle). Hence the uncertainty in the estimate is
clearly dominated by small number statistics. Moreover,
our analysis excludes individual uncertainties in the ob-
served positions and velocities, which have been shown
to have a significant impact on the final uncertainty of
the estimates (Wilkinson & Evans 1999). These results
generally hold for our full sample of 11 halos, although
some halos have differences between values that are just
beginning to reach a notable level of significance when
comparing between inclinations of 0◦ and 90◦. Overall,
it is safe to say that for sample sizes associated with
current observations, substructure does not contribute
significantly to the error budget of mass estimates made
with the TME.
The lower two panels of Figure 6 demonstrate that vari-
ance in mass estimates due to substructure effects should
become a dominant contributor to the error budget once
sample sizes of order 500 or greater are obtainable. It
is interesting to note that the points (i.e. mean values
of the mass estimates) in the middle and bottom panels
fall at similar locations, which suggests similar results
from our elliptical globular cluster and giant star samples
even though the former is restricted to being drawn only
from debris from the more luminous satellites. In fact,
∼80% of the mass in these stellar halos comes from the 15
most luminous satellites (Bullock & Johnston 2005), so
the different sampling methods actually produce similar
samples.
Figure 7 summarizes the results for all halos — the his-
togram shows the distribution of the standard deviation
of mass estimates made from samples of size N = 5000
taken at 51 equally spaced azimuthal angles at an in-
clination of 90◦ for each halo. Based on this analysis,
the effect of substructure can be quantified as introduc-
ing an uncertainty in mass estimates in the range 0-20%,
depending on the accretion history of the galaxy in ques-
tion. This represents a fundamental limit to the accuracy
and precision of measuring the mass of a galaxy using the
TME which can not be overcome by increasing the sam-
ple size.
3.2.2. Uncertainties due to oblateness or triaxiality
Using the larger samples, it also becomes apparent that
the intrinsic oblateness of the stellar halos causes the
mass estimates to vary along different lines-of-sight. This
is demonstrated in Figure 8, which shows the mass esti-
mate as a function of inclination of the line of sight to the
disk for our most flattened stellar halo, Halo 3 (minor-
to-major axis ratio c/a ∼ 0.6). The points in each panel
vary little in azimuthal angle (i.e. due to substructure),
but the average mass estimated at an inclination of 90◦
is nearly twice that of the average mass given for an in-
clination of 0◦.
If we can assume that the stellar halo of a spiral galaxy
is purely oblate and that its symmetry plane is aligned
with the disk, the systematic uncertainty in the mass
estimate due to inclination to the line-of-sight could be
accounted for by measuring the apparent flattening of
the tracer population and correcting by the known in-
clination of the disk. These assumptions are not too
unreasonable. Although dark matter halos that form
in cosmological N-body simulations tend to be triax-
ial, with minor-to-major axis ratios of order c/a ∼ 0.6
(Jing & Suto 2002; Bullock 2002; Allgood et al. 2005),
simulations with a baryonic component, including the
effects of gas cooling and star formation lead to only
mildly triaxial halos (c/a ∼ 0.8 and b/a ∼ 0.9, see
Kazantzidis et al. 2004, 2005; Bailin et al. 2005) contain-
ing disks whose rotation axes align with the halo’s mi-
nor axis (Bailin et al. 2005). Hence, after correcting by
the disk inclination, the remaining asymmetry should be
very mild (b/a ∼ 0.9). Our own results (i.e. factor two
variance in the mass estimate for c/a ∼ 0.6) suggest that
this would lead to an uncertainty in mass estimates of
order 10%.
74. CONCLUSIONS
This paper presented an analysis of errors inherent to
the Tracer Mass Estimator, the most appropriate estima-
tor to use when calculating the mass of a single galaxy
using tracer population kinematics. It was applied to
samples drawn from 11 halo models which contained lev-
els of substructure consistent with the current Λ-CDM
paradigm of galaxy formation. Each of the following were
found to contribute to the error budget for the mass esti-
mates at the 10% level: (i) incorrectly assuming a scale-
free power law potential throughout the region sampled;
(ii) uncertainty in the measurement of the surface density
distribution of the tracer population; (iii) oblateness or
triaxiality of the tracer population; and (iv) substructure
in the tracer population. (In our eleven examples, sub-
structure caused misestimates in masses of up to ∼20%.)
This level of systematic uncertainties is similar to
that expected for mass estimates of galaxy clusters us-
ing intergalactic planetary nebulae. In her analysis of
a numerical model of a galaxy cluster, Willman et al.
(2004) found that applying the Projected Mass Estima-
tor (PME) to unbound particles at the end of the simula-
tion led to an overestimate of the cluster mass by of order
10%. Her study suggests that this uncertainty was due
to a combination of anisotropies in the velocity distri-
bution of the tracer population with known limitations
of the PME, rather than substructure. However, since
the study was limited to one galaxy cluster, it could not
address the effect of substructure more generally.
Systematic errors of up to ∼20% are not the main con-
tributors to the error budget when using smaller sam-
ple sizes consistent with current surveys of spiral galaxy
globular cluster systems (N < 100). In these cases the
statistical and measurement errors dominate. However,
once sample sizes of order N = 500 are achieved (either
galaxies with larger globular cluster systems or future
samples of giant stars in nearby galactic halos), these
systematic errors represent a fundamental limit of the
TME.
Of course, a larger sample size can be utilized to re-
fine the TME to solve for additional global properties,
such as the full density profile of the underlying mass
distribution (rather than assuming a single power law)
and simple asymmetries in the tracer population distri-
bution (i.e. to correct systematic errors (i), (ii) and (iii)
above). Moreover, in the case of the Milky Way, future
astrometric missions such as NASA’s Space Interferom-
etry Mission and ESA’s Global Astrometric Interferom-
eter for Astrophysics promise additional dimensions of
phase-space information at very large distance from the
Galactic center so that phase-space anisotropies could
be directly assessed. However, substructure in the tracer
population is not something that can be simply parame-
terized and hence our study suggests a fundamental limit
of 20% to the accuracy of any mass estimator that is de-
veloped under the assumption of randomness, however
large the sample or accurate and complete the measure-
ments.
KVJ’s contribution was supported through NASA
grant NAG5-9064 and NSF CAREER award AST-
0133617. KLR is supported by an NSF Astronomy &
Astrophysics Postdoctoral Fellowship under award AST-
0302095. JSB is supported by the Center for Cosmology
at UC Irvine.
REFERENCES
Allgood, B., Flores, R. A., Primack, J. R., Kravtsov, A. V.,
Wechsler, R. H., Faltenbacher, A., & Bullock, J. S. 2005, ArXiv
Astrophysics e-prints, arXiv:astro-ph/0508497
Ashman, K. M., & Zepf, S. E. 1992, ApJ, 384, 50
Ashman, K. M., & Zepf, S. E. 1998, Globular Cluster Systems
(Cambridge: Cambridge University Press)
Bahcall, J. N., & Tremaine, S. 1981, ApJ, 244, 805
Bailin, J., et al. 2005, ApJ, 627, L17
Blumenthal, G. R., Faber, S. M., Primack, J. R., & Rees, M. J.
1984, Nature, 311, 517
Bullock, J. S., Kravtsov, A. V., & Weinberg, D. H. 2001, ApJ, 548,
33
Bullock, J. S., Kolatt, T. S., Sigad, Y., Somerville, R. S., Kravtsov,
A. V., Klypin, A. A., Primack, J. R., & Dekel, A. 2001, MNRAS,
321, 559
Bullock, J. S. 2002, The shapes of galaxies and their dark
halos, Proceedings of the Yale Cosmology Workshop ”The
Shapes of Galaxies and Their Dark Matter Halos”, New Haven,
Connecticut, USA, 28-30 May 2001. Edited by Priyamvada
Natarajan. Singapore: World Scientific, 2002, ISBN 9810248482,
p.109, 109
Bullock, J. S. & Johnston, K. V. 2005, ApJ634, 931
Cote, P., Marzke, R. O., & West, M. J. 1998, ApJ, 501, 554
Dekel, A., Stoehr, F., Mamon, G.A., Cox, T.J., Novak, G.S. &
Primak, J. R. Letter to Nature
Eisenstein, D. J., et al. 2005, ApJ, 633, 560
Evans, N. W., Wilkinson, M. I., Perrett, K. M., & Bridges, T. J.
2003, ApJ, 583, 752
Forbes, D.A., Georgakakis, A.E., & Brodie, J.P. 2001, MNRAS,
325, 1431
Grebel, E. K. 2002, in IAU Symposium 207: Extragalactic Star
Clusters, ed. D. Geisler, E.K. Grebel, & D. Minniti (San
Francisco: ASP), 94
Heisler, J., Tremaine, S., & Bahcall, J. N. 1985, ApJ, 298, 8
Helmi, A. & White, S. D. M. 1999, MNRAS, 307, 495
Helmi, A., White, S. D. M., & Springel, V. 2003, MNRAS, 339,
834
Ibata, R. A., Gilmore, G., & Irwin, M. J. 1994, Nature, 370, 194
Ibata, R. A., Gilmore, G., & Irwin, M. J. 1995, MNRAS, 277, 781
Ibata, R., Irwin, M., Lewis, G., Ferguson, A. M. N., & Tanvir, N.
2001, Nature, 412, 49
Jing, Y. P., & Suto, Y. 2002, ApJ, 574, 538
Johnston, K. V. 1998, ApJ, 495, 297
Kauffmann, G., et al. 2003, MNRAS, 341, 54
Kazantzidis, S., Zentner, A. R., & Nagai, D. 2005, ArXiv
Astrophysics e-prints, arXiv:astro-ph/0508114
Kazantzidis, S., Kravtsov, A. V., Zentner, A. R., Allgood, B.,
Nagai, D., & Moore, B. 2004, ApJ, 611, L73
Klypin, A., Zhao, H., & Somerville, R. S. 2002, ApJ, 573, 597
Limber, D. N., & Mathews, W. G. 1960, ApJ, 132, 286
Lynden-Bell, D., & Lynden-Bell, R. M. 1995, MNRAS, 275, 429
Majewski, S. R., Ostheimer, J. C., Kunkel, W. E., & Patterson,
R. J. 2000, AJ, 120, 2550
Majewski, S. R., Ostheimer, J. C., Patterson, R. J., Kunkel, W. E.,
Johnston, K. V., & Geisler, D. 2000, AJ, 119, 760
Majewski, S. R., Skrutskie, M. F., Weinberg, M. D., & Ostheimer,
J. C. 2003, ApJ, 599, 1082
Maller, A. H., McIntosh, D. H., Katz, N., & Weinberg, M. D. 2005,
ApJ, 619, 147
Navarro, J. F., Frenk, C. S., & White, S. D. M. 1995, MNRAS,
275, 56
Navarro, J. F., Frenk, C. S., & White, S. D. M. 1996, ApJ, 462,
563
Ostriker, J. P., & Peebles, P. J. E. 1973, ApJ, 186, 467
Palma, C., Majewski, S. R., & Johnston, K. V. 2002, ApJ, 564,
736
Peebles, P. J. E. 1965, ApJ, 142, 1317
Percival, W. J., et al. 2002, MNRAS, 337, 1068
8Fig. 6.— Mass estimates for Halo 1 as a function of azimuthal angle and at the specified inclination of the line of sight . (Here, i = 0o
is face-on and i = 90o is edge on.) The top row simulates a globular cluster survey of a spiral galaxy with N = 50 and 5 < R < 50 kpc.
The middle row simulates a globular cluster survey of an elliptical galaxy with N = 500 and 5 < R < 100 kpc. The bottom row simulates
a giant star survey with N = 5000 and 5 < R < 100 kpc.
Press, W. H., & Schechter, P. 1974, ApJ, 187, 425
Rubin, V. C., Thonnard, N., & Ford, W. K. 1980, ApJ, 238, 471
Rhode, K.L. & Zepf, S.E. 2001, AJ, 121, 210
Rhode, K.L. & Zepf, S.E. 2004, AJ, 127, 302
Romanowsky, A. J., Douglas, N. G., Arnaboldi, M., Kuijken, K.,
Merrifield, M. R., Napolitano, N. R., Capaccioli, M., & Freeman,
K. C. 2003, Science, 301, 1696
Searle, L., & Zinn, R. 1978, ApJ, 225, 357
Smith, S. 1936, ApJ, 83, 23
Spergel, D. N., et al. 2003, ApJS, 148, 175
Tegmark, M., et al. 2004, Phys. Rev. D, 69, 103501
Whitmore, B. 2000, in ASP Conf. Ser. 197, Dynamics of Galaxies:
from the Early Universe to the Present, ed. F. Combes, G.
Mamon, & V. Charmandaris (San Francisco: ASP), 315
Wilkinson, M. I., & Evans, N. W. 1999, MNRAS, 310, 645
Willman, B., Governato, F., Wadsley, J., & Quinn, T. 2004,
MNRAS, 355, 159
Zinn, R. 1993, in ASP Conf. Ser. 48, The Globular Cluster-Galaxy
Connection, ed. G.H. Smith & J.P. Brodie (San Francisco: ASP),
38
Zwicky, F. 1933, Helv. Phys. Acta., 6,110
Zwicky, F. 1937, ApJ, 86, 217
9Fig. 7.— Histogram of the distribution of uncertainties due to substructure for all eleven halo models . The mean of the quantity
Mestimate/Mtrue was calculated from 10 N = 5000 samples at each of 51 azimuthal angles equally spaced in the range 0
◦ to 180◦. The
uncertainty was quantified by taking the standard deviation of the 51 means.
Fig. 8.— Same as the bottom row of panels in Figure 6 but for Halo 3. The effect of inclination is seen in this case as a clearly increasing
mass estimate.
